Since its first successful exfoliation from bulk graphite and isolated existence in nature[@b1], graphene has drawn intensive research interest from scientists in the areas of physics, materials science, chemistry, engineering, etc., due to its excellent electric, mechanic and thermal properties[@b2][@b3], and also due to numerous potential applications in optoelectronic devices, electronic devices, solar cells, phototransistor etc[@b4][@b5][@b6][@b7]. Very recently, particular effort has been devoted to the investigation of integrating graphene with semiconductors, especially GaN, for possible improvements of performance of existing devices and even exploring new schemes[@b6][@b8][@b9][@b10][@b11]. It is well known that as a technologically important wide band gap semiconductor, GaN has tremendous applications in various fields such as short-wavelength light emitting diodes and lasing diodes, high-temperature and high-power electronic devices etc[@b12][@b13]. Previous research about graphene/GaN hybrid structure has been mainly concentrated on the electric/electronic properties[@b8][@b14][@b15][@b16], while few works have been devoted to the photoelectric properties of the composite[@b17]. In terms of the technological importance of both GaN and graphene in different areas, the optical properties of graphene/GaN hybrid structures are of broad interest due to their unique physical and chemical properties. In this article, we present a detailed study of the optical properties of graphene/GaN hybrid structure at different temperatures by using steady-state and time-resolved photoluminescence (PL) techniques. We observe the luminescence signature of free exciton dissociation and electron transfer over the Schottky barrier of graphene/GaN hybrid structure. Moreover, we find that the efficiency of this two-step carrier process is dependent on the kinetic energy of movable excitons created in the GaN side.

In order to verify layer number and also homogeneousness of the graphene layer, the Raman spectra and image of the graphene/GaN hybrid structure were measured. The micro-Raman scanning images of the 2D mode of graphene layer and the Raman mode of GaN were shown in [Fig. 1(a) and 1(b)](#f1){ref-type="fig"}, respectively. As can be seen from [Fig. 1(a)](#f1){ref-type="fig"}, the graphene studied here was reasonably uniform in terms of its 2D mode intensity. The Raman spectra extracted from a randomly selected point in the images of [Fig. 1(a) and 1(b)](#f1){ref-type="fig"} were depicted in [Fig. 1(c) and 1(d)](#f1){ref-type="fig"}, respectively. The two prominent Raman modes of single-layer graphene (G band: \~1586 cm^−1^ and 2D band: \~2690 cm^−1^) can be well resolved in [Fig. 1(c)](#f1){ref-type="fig"}. Their intensity ratio, I~2D~/I~G~ \> 2, indicates good quality of graphene layer[@b18][@b19]. Moreover, the 2D band can be fitted quite well with a Lorentzian lineshape function[@b19], as shown in [Fig. 1 (c)](#f1){ref-type="fig"}. The defect-induced D band (\~1350 cm^−1^) of graphene is not well resolved probably due to the significant overlapping with the second-order Raman scattering from the underlying GaN epilayer. Compared with the mechanical exfoliated graphene on SiO~2~/Si substrate, the 2D band in the graphene/GaN hybrid structure shows a slight blueshift of 8 cm^−1^. Such shift could be due to the joint effects of substrate and preparation technique[@b18]. The Raman features of the underlying GaN layer keep unchanged except some intensity reduction, compared with the as-grown GaN epilayer (results not shown here). This is due to reflection and absorbance of some incident laser photons.

For graphene/GaN contacts, usually a Schottky junction forms due to van der Waals attraction and electron transfer[@b6][@b14][@b15][@b17]. [Fig. 2(a) and (b)](#f2){ref-type="fig"} show schematic drawings of band structures of graphene and n-type GaN before and after their contacting, respectively. *qφ~g~* is the work function of graphene (\~4.9 eV for CVD sample), *χ~e~* is the electron affinity of GaN (\~4.1 eV), *qφ~SBH~* ≈ 0.74 eV is Schottky barrier height of graphene/GaN junction[@b14]. *V~bi~* is the built-in voltage. *E~g~* is the band gap of GaN and *E~f~* is the Fermi energy of GaN. As mentioned earlier, the electrical properties of graphene/GaN contact have been addressed previously. In the present work, we concentrate on its optical properties, especially luminescence signatures of free exciton dissociation at the interface and transfer of liberated electrons over the junction.

PL spectra of the graphene/GaN hybrid structure and the as-grown GaN epilayer measured under the same conditions were depicted in [Fig. 2(c)](#f2){ref-type="fig"} for a temperature range of 1.5--77 K. Since donor bound exciton (denoted by DX) line is almost unaffected by the graphene capping layer, the PL spectra were thus normalized at the intensity of DX peak to make a clear comparison. It can be seen that the I~x~ band (a bound exciton with undetermined origin) of the GaN epilayer is significantly weakened after the graphene layer is capped. Moreover, it attenuates faster with increasing temperature in the graphene/GaN sample compared with the case of the bare GaN. In the literature[@b20], a similar sharp peak was observed, which is believed to be identical to I~x~ emission in this work. However, its origin is still a controversy issue[@b20][@b21][@b22][@b23]. Considering that the intensity of I~x~ band can be significantly reduced after the top graphene covering and its fast attenuating with increasing temperatures, we could tentatively ascribe I~x~ to the excitons bound at a surface acceptor-like defect which has strong sensitivity to surface environment change.

In addition to the significant reduction and quick thermal quenching of I~x~ line, more interesting behavior was observed for free exciton emissions. As can be seen from [Fig. 2(c)](#f2){ref-type="fig"} and [Fig. 3](#f3){ref-type="fig"}, free exciton A (FX~A~) bands of the two samples behave very differently as the temperature increases. For the as-grown GaN epilayer, FX~A~ peak gradually becomes dominant due to thermal liberation of bound excitons into free excitons as previously observed[@b24]. Its lineshape keeps unchanged except broadening due to phonon scattering effect. As for the graphene/GaN hybrid structure, however, the lineshape of the FX~A~ peak shows a remarkable change when temperature is beyond 30 K. A dip at peak center develops and becomes noticeable for temperatures above 77 K. Furthermore, free exciton B (FX~B~) emission band also exhibits similar behavior although its intensity is relatively much weaker. These results reveal that the graphene capping layer has a strong influence on free excitons in the GaN underlying layer.

In order to understand this phenomenon, electronic coupling and charge transfer between graphene and GaN need to be considered[@b6][@b15]. Owing to its zero band gap, graphene is usually regarded as a semi-metal and once in touch with semiconductors would exhibit metal-like functions in metal/semiconductor junction. For graphene/GaN, a Schottky junction usually forms at the interface with a Schottky barrier height (*qφ~SBH~*)[@b6]. Before contact, neutral single-layer graphene (idealized) has the Fermi level aligned with Dirac points where the occupied branch (bottom) and unoccupied branch (upper) touch to one another, as schematically displayed in [Fig. 2(a)](#f2){ref-type="fig"}. Besides, the density of states (DOS) in graphene shows a low and linear dispersion with zero DOS at Dirac points. After paving onto GaN, graphene sheet may take electrons from GaN since as-grown intentionally undoped GaN is *n*-type conductivity. The electron flow-in could raise graphene\'s Fermi level during the pinning of the Fermi level in the entire hybrid structure. As a result, a Schottky contact with rectifying characteristics forms, as schematically shown in [Fig. 2(b)](#f2){ref-type="fig"}. Consequently, a narrow depletion layer emerges in the side of GaN layer near the interface with the establishment of a build-in field *V~bi~*. Such contact, in particular the built-in electric field may have a strong impact on the surface related properties of GaN, such as freely moveable excitons and surface defects. Since the laser wavelength 325 nm used in this study is in ultraviolet region, efficient photon absorption occurs within only a very shallow range of about hundred nm underneath the GaN surface due to the large absorption coefficient. In other words, the efficient photon absorption mainly takes place near and within the thin depletion layer in which a built-in electric field already established due to the electron transfer from GaN to graphene in the hybrid structure. In such circumstances, excitons generated in the \~100 nm thick layer of GaN near the interface may be significantly affected by graphene and some optical signatures of the effects could be observed.

It is known that free and bound excitons form chronologically within a short time after the excitation in wide band gap semiconductors at low temperatures[@b25]. For free excitons, they are movable and have high probability to arrive at crystal/air interface (surface) where they can annihilate in ways of either radiative recombination or destroyed by surface defects/states. In the former process, light emission occurs. The latter is non-radiative process, and may lead to some reduction in emission intensity or particular features in spectral lineshape by competing with the former process. Therefore, free excitons could be sensitive to the surface environment variation. For bound excitons, such as excitons bound at impurities inside crystal, they are fixed at particular locations, especially at low temperatures. They are thus insensitive to the surface circumstance change except the case of excitons bound at surface defects. Bound excitons usually have much larger oscillator strength than free excitons and thus their emission band is usually dominant over free excitons at low temperatures. Furthermore, they randomly distribute over a much wider interior region in crystal, for example, in GaN.

In the graphene/GaN hybrid structure studied in the present work, a particular attention will be thus paid on free excitons and their PL spectral features. As observed in the PL spectra at different temperatures, on one hand, free exciton emission line such as FX~A~ quickly becomes dominant in the PL spectra with increasing temperature due to the efficient thermalization of donor bound excitons into free excitons. On the other hand, kinetic energy of free excitons will increase with increasing temperature. Without doubt, increase in kinetic energy can raise the arriving probability of free excitons at the interface where they may recombine radiatively or get dissociated. Owing to the existence of a graphene layer, some of free excitons arriving at the interface may be dissociated since the semi-metallic graphene selectively captures electrons. Of course, those broken excitons will no longer contribute to the light emission. It is known that in light emission of excitons, conservation principles of both energy and momentum should be obeyed. Compulsorily restricted by principle of momentum conservation, only free excitons with almost zero momentum (i.e., located in the vicinity of the zone center in *k* space.) are "bright" excitons contributing to emission due to extremely small momentum of photons. Some of these free excitons with almost zero momentum arrive at the interface and non-radiatively decomposed into electrons and holes, causing the observed "dip" structures at the spectral centers of FX~A~ and FX~B~ bands.

In order to obtain a deeper insight into the formation of "dip" structures, time-resolved PL spectra of the graphene/GaN hybrid sample and the as-grown GaN were measured. The results at 77 K were depicted in [Fig. 4](#f4){ref-type="fig"}. It is perfectly clear that appearance and evolution of the dip structures can be seen. Before 180 *ps* delay time after the femtosecond pulse excitation, the "dip" structures don\'t emerge, suggesting that transport of free excitons to the interface and dissociation there don\'t efficiently occur within 180 ps. When the delay time was 293 ps the dip structure can be clearly seen. The average transport + dissociation time of free excitons is thus estimated to be 110 ps. As the delay time further increases, the dip structures develop and become more noticeable. In sharp contrast to the case of the hybrid structure, the bare as-grown GaN sample shows normal time-resolved PL spectra. Regarding the peak intensity evolution of FX~A~ band with the delay time, luminescence time constants show a significant reduction for the hybrid structure, i.e., from \~300 ps of the bare sample to \~150 ps of the hybrid structure.

At last, the first-principles simulations on electronic structures of bare GaN and graphene/GaN heterostructure were performed by using the pseudopotential-based code VASP within the Perdew-Burke-Ernzerhof generalized gradient approximation[@b26][@b27], where we use a substrate GaN supercell of size 2 × 2 × 8. Throughout the theoretical calculations, a 400 eV cutoff in the plane wave expansion and a 6 × 6 × 1 Gamma **k** grid are chosen to ensure the calculation with an accuracy of 10^−5^ eV. The lattice constants are taken from the experimental values, while the internal atomic positions are optimized until the largest force on each atom was 0.005 eV/Å. As shown in the left panel of [Fig. 5](#f5){ref-type="fig"}, the carbon atoms of graphene couple tightly with the outermost layer of nitrogen atoms so that finite electron transfer may occur in between graphene and GaN. The right panel of [Fig. 5](#f5){ref-type="fig"} depicts the calculated total density of states (DOS) of bare GaN and graphene/GaN hybrid structure, respectively. Clearly, a significant change in total DOS can be seen before and after graphene contacting with GaN, especially in the free exciton (\~3.495 eV) luminescence region. The value of charges transferred from graphene to substrate GaN is estimated to be 0.02e per carbon atom. Our theoretical results show good agreement with experiment and confirm the picture of free exciton dissociation and transfer of liberated electrons.

To conclude, an interesting "dip" structure was observed on the PL spectra of free excitons in graphene/GaN hybrid structure. Its development was also found to be dependent on temperature. Such dip structure is interpreted as a result of free exciton dissociation and transfer of liberated electrons at the interface between graphene and GaN. Time evolution of the "dip" structure was clearly seen via measuring time-resolved PL spectra. The first-principles calculations confirm the physical picture of free exciton dissociation and electron transfer at the interface between graphene and GaN.

Experimental section
====================

Intentionally undoped GaN epilayer (\~4 μm) was grown on sapphire substrate by metal-organic chemical vapor deposition (CVD). The carrier concentration in this n-type GaN was estimated as 5.02 × 10^15^ cm^−3^ from the room-temperature Hall measurement. The GaN epilayer was cut into a few pieces (with size of a few millimeters). One piece served as a control sample while others were covered with graphene. Large-area single-layer graphene sheets were synthesized by CVD method on Cu foils (diameter: 25 μm) at 1000°C with a flow of H~2~ (40 sccm) and CH~4~ (60 sccm) for 15 min under the pressure of 160 Pa. After 15 min of growth, the sample was cooled down to room temperature in H~2~ atmosphere. After the growth of graphene, the Cu foils were covered with a layer of poly (methyl methacrylate, PMMA). The Cu substrates were then etched in an aqueous iron chloride (FeCl~3~) solution, leaving the graphene/PMMA film which was washed in deionized water for three times to achieve an aqueous environment with negligible ions for preparation of transfer onto GaN surface. Before the transfer step, the GaN epilayer pieces were cleaned using typical surface-cleaning techniques. It should be mentioned that new graphene growth routes have been very recently developed, which did not require metal catalyst etching or hazardous chemicals at lower temperature[@b28][@b29].

Optical spectral measurements were carried out on the graphene/GaN hybrid structure and the as-grown GaN epilayer piece for comparison. The Raman scattering measurements were taken under the back-scattering geometric configuration on a WITec-Alpha confocal Raman microscope system using the 514.5 nm Ar^+^ laser with an excitation power of \~1 mW as the excitation source. In the variable-temperature photoluminescence (PL) measurements, the samples were loaded on the cold finger of the cryostat of a 7 Tesla Spectromag system (Oxford Instruments Nanoscience) with varying temperature from 1.46 K to 300 K. The samples were excited by the 325 nm line from a He-Cd Laser (Kimmon) with output power of 35 mW. The PL signals were dispersed by an ultra-high-resolution monochromator (McPHERSON 20621) equipped with a photomultiplier. Standard lock-in amplifier technique was used to improve the signal-to-noise ratio. In the time-resolved PL (TRPL) measurements, the samples were loaded on the cold finger of a closed cryostat providing a varying temperature from 20 K to 300 K. The excitation source was the 266.7 nm laser pulses (pulse width \~100 fs) generated from a frequency tripled mode-locked Ti: sapphire oscillator with a repetition rate of 76 MHz. The details of the experimental arrangements have been described elsewhere[@b25].

Author Contributions
====================

W.J., C.C.Z., J.Q.N. and S.J.X. wrote the manuscript. W.J. and C.C.Z. performed the Raman and PL measurements, and also TRPL experiments with help from L.X.Z. and J.N.W. W.L. and Y.C. did the first-principles calculations. Z.H.N. provided the graphene sample and transferred it onto GaN. S.J.X. supervised the project. All the authors discussed the results and reviewed the manuscript.

This work was supported by Shenzhen Municipal Science and Technology Innovation Council (Contract No. JCYJ20120615142933076), HK-RGC-GRF Grants (Grant No. HKU 705812P), the University Development Fund and the SRT on New Materials of HKU, and partially by a grant from the University Grants Committee Areas of Excellence Scheme of the Hong Kong Special Administrative Region, China (Project No. \[AoE/P-03/08\]). CCZ acknowledges partial support from XJTLU by RDF-12-02-03. WL and YC were supported by the State Key Programs of China (Grant Nos. 2012CB921604), the National Natural Science Foundation of China (Grant Nos. 11074043 and No. 11274069). JNW wishes to acknowledge the financial support from HK-RGC-GRF Grants (No. 604410).

![Micro-Raman scanning images with an area of 5 × 5 measured from the graphene/GaN hybrid structure.\
(a) Integrated from the intensity of 2D Raman mode of graphene. (b) Integrated from the intensity of Raman mode of GaN. (c) and (d) Representative Raman spectra extracted from 1(a) and 1(b), respectively.](srep07687-f1){#f1}

![Schematic drawings of energy band structures of graphene and n-type GaN before (a) and after the contacting (b). Temperature-dependent PL spectra of the as-grown GaN (black solid line) and graphene/GaN (red solid line) are depicted in semi-logarithmic scale (c). All spectra are normalized at DX peak intensity. DX, I~x~, FX~A~, and FX~B~ lines can be well resolved and indicated by different color vertical arrows.](srep07687-f2){#f2}

![Temperature-dependent PL spectra of the as-grown GaN (black) and graphene/GaN hybrid structure (red) from 77 K to 200 K.\
Dashed blue and magenta lines align with the centers of FX~A~ and FX~B~ bands, respectively.](srep07687-f3){#f3}

![Time-resolved PL results of the graphene/GaN (left) and as-grown GaN (right) at 77 K: Decay curves of FX~A~ center (top), time-resolved PL images (mid) and time evolutional PL spectra (bottom).\
The two vertical lines mark the spectral center positions of FX~A~ and DX, respectively. In the images (mid), the emission signal intensity increases as the image color goes from blue, green, to red.](srep07687-f4){#f4}

![The schematic slab hybrid structure of the graphene/GaN (Left Panel) and the calculated total density of states (DOS) for bare GaN and graphene/GaN hybrid structure (Right Panel).\
Significant change in DOS can be seen in the GaN band gap (\~3.495 eV) energy region before and after the graphene covering.](srep07687-f5){#f5}
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